Polyphosphazenes (PPZs) are hybrid polymers comprising a main chain containing nitrogen and phosphorous linked through interchanging single and double bonds, and side chains. The two chlorine atoms attached to the phosphorous of polydichlorophosphazene, which is produced by thermal ring-opening and livingcationic polymerization, are significant in the importance of polyphosphazene, as they can be easily replaced by an uncountable number of nucleophiles, resulting in hundreds of different PPZs with different properties ranging from hydrophobic to hydrophilic, fast to slow degradation, and burst to sustained drug release. More than seven hundred types of PPZs are synthesized as a result of different combinations of side groups. For applications in drug delivery, PPZs can be treated in various ways and converted into different vehicles of nano/micro size to load and release drugs. This review covers the synthesis of PPZs and their different modifications, especially focusing on the side groups and different vehicles, including microspheres, micelles, films and hydrogels, that are involved in drug-delivery applications.
Introduction
One of the greatest inventions in the eld of materials is the invention of polymeric biomaterials. Natural polymers have been used as biomaterials for thousands of years, 1 but scientists have started to pay attention to synthetic polymeric biomaterials only in the last century and started to use them in the last mid-century. 2 The use of these biomaterials has expanded almost every eld of medicine and surgery, including blood contact devices, nanomedicines and their carriers, intraocular lenses, surgically replaced parts and tissue engineering. The polymer rst used is poly(methyl methacrylate) (PMMA), which was used as an intraocular lens. 3 Aer that, scientists started to pay more attention to the development of a variety of new biopolymers that can meet the demands of modern medical technologies. The rising elds of biotechnology, tissue engineering and medicine require such materials that are biocompatible, biodegradable and offer complete renal clearance. The commonly developed synthetic biopolymers include poly-(glycolic acid), poly(lactic acid), poly(lactic-glycolic acid), poly-(caprolactone), polyurethanes and polyphosphazenes. 4 Among these, polyphosphazene is an auspicious biomaterial due to its bioavailability, biocompatibility, biodegradability, exibility in its structural design and tunability of its properties. Due to this Raja Summe Ullah got his Master's degree from University of Gujrat, Pakistan. He is now a doctoral student under the supervision of Prof. Li Wang at Zhejiang University, People's Republic of China. His research interests include the synthesis of novel functional polymers mainly focusing on polyphosphazenes for drug delivery.
all-in-one presentation of polyphosphazene, it is a promising class of biopolymer. Hundreds of different kinds of polyphosphazenes (PPZs) with different characteristics and behaviors have been synthesized, most of which are biodegradable and can be used for biomedical applications. PPZs are a class of hybrid organic-inorganic polymers. The main chain of PPZs comprises phosphorous and nitrogen, which are bound with each other through alternating single and double bonds. The most interesting thing in the formation of polyphosphazene is the presence of two chlorine atoms on the phosphorous, as shown in Fig. 1 . These chlorine atoms can be easily replaced by numerous side groups, which is very rare in other polymers. As a result, the number of PPZs with different side groups and a wide range of properties is growing day by day.
5,6
A wide variety of different organic molecules can act as nucleophiles for the substitution of chlorine in polydichlorophosphazene (PDCP), which broadens the spectrum of PPZs with different properties. Initially, the synthesized PPZs were not degradable in water because they formed an insoluble rubber-type material due to cross-linking of chains, so they could not be utilized for biological purposes. Later on, the introduction of specic side groups, such as amino acid esters, alkoxy, imidazole and amines, to the main chain resulted in hydrolytically sensitive and degradable PPZs. The non-toxic degradation products of PPZs opened new era of their biomedical application, including drug delivery and tissue engineering. Furthermore, the degradation of PPZs can be regulated by the substitution of hydrophilic and hydrophobic groups, or the combination of both groups in appropriate ratios. 7 The degradation rate can also be controlled by external stimuli, such as temperature, radiation, pH of the degradation medium and degradation product solubility. Many researchers have investigated the biocompatibility of PPZs both in vivo and in vitro by different methods. [7] [8] [9] [10] Nowadays, the use of PPZs in drug-delivery applications, 11 especially proteins and anti-cancer drug-delivery, has become a signicant focus. [12] [13] [14] The synthetic exibility of PPZs offers the possibility of designing polymers with the required properties and degradation rates, which are valuable for the development of various carriers to deliver drugs. This paper reviews the effects of various side groups attached through different linkage sites on the properties of resultant PPZs and their use in different approaches, such as drug delivery.
Synthesis of polyphosphazenes
PPZs are normally synthesized from two main raw materials: hexachlorocyclotriphosphazene (N 3 P 3 Cl 6 ), which is used in thermal ring-opening polymerization, and phosphoranimine (Cl 3 P]NSiMe 3 ), which is used in living cationic polymerization. No matter which starting material is used, the intermediate stage of all the PPZs prepared by these two processes is PDCP. The synthesis of non-cross-linked PDCP is the key step for the fruitful preparation of PPZs. 15 Cross-linking of PDCP due to the presence of moisture or air (mostly water vapours) may result in swelling and insolubility in any solvent. Many researchers have used different methods to synthesize PDCP. 
Thermal ring-opening polymerization
The most commonly used route to synthesize PPZs is thermal ring-opening polymerization (TROP), which is extensively employed for the ring-opening process of hexachlorocyclotriphosphazene (HCCP) to synthesize PDCP.
5,15
Stokes was the pioneer of using this method in 1897, but the PDCP he synthesized was cross-linked and could not be dissolved in any solvent. This process gained attention in 1965 when Allcock and co-workers successfully synthesized non- crosslinked PDCP that showed good solubility in various organic solvents. 18 This process involves the heating of HCCP at high temperature under vacuum and in the presence of a suitable catalyst to produce linear-chain PDCP. The two chlorine atoms present on each phosphorous are highly reactive and can be easily replaced by suitable nucleophilic groups to synthesize a variety of PPZs. [18] [19] [20] If the heating temperature is increased to 300 C, PDCP is converted into cross-linked inorganic "rubber", which cannot be used further. 21 This process can yield highmolecular-weight polyphosphazenes, but it is highly sensitive to the purity of monomer as well as moisture and air. Thus, the reaction proceeds under high vacuum, and the HCCP is recrystallized and sublimed before use. The yield of reaction was not so good and was normally between 40-60%, which compelled the researchers to use different catalysts, such as AlCl 3 , BCl 3 , and R 3 Si(CHB 11 X 11 ), to enhance the yield.
22-26
Scheme 1 provides general mechanism that is followed in thermal ring-opening polymerization. 27 This process of ring opening can proceed either in vacuum 28 or in high-boiling solvents. [29] [30] [31] Another weakness of this process is that there is little control over molecular weights and polydispersities (PDI) are normally high, 5,32 but this can be overcome by careful handling and strict control over the reaction conditions and initial concentrations of HCCP and catalyst. 22 This process is advantageous for the large-scale production of PDCP up to kilogram level, including the stabilization of PDCP in diglyme. 28 
Living cationic polymerization
PPZs can be synthesized by an alternative method that does not involve the use of high temperature, namely, living cationic polymerization (LCP). [33] [34] [35] Allcock and co-workers succeeded in 1995 to synthesize polyphosphazene from another monomer, trichloro-(trimethylsilyl)-phosphoarnimine (Cl 3 P]NSiMe 3 ), using PCl 5 as initiator. 33 This process is mostly suitable for the synthesis of a wide variety of polymers, including polyphosphazene block copolymers. Examples of such polymers include polyphosphazene-block-polyphosphazene copolymers, 33 poly(ethylene oxide)-block-polyphosphazene copolymers 36,37 and polystyrene-block-polyphosphazene copolymers. 38, 39 Similarly, other structures have also been designed, such as tri-block copolymers and tri-armed, star-shaped and telecholic PPZs using ambient temperature conditions. 36, [40] [41] [42] Similar to ringopening polymerization, the properties of synthesized polymers depend on the molecular weight and nature of side groups. Another important advantage of this method is its molecular weight control and narrow polydispersity. 43 The general mechanism of living cationic polymerization is given in Scheme 2. 17 
Types of linkages in polyphosphazenes
Different substituents have been linked to the main chain of PPZs, but almost all the substituents use three different kinds of combinations for the attachment to the main-chain phosphorous: (a) two substituents linked to phosphorous through nitrogen atoms, (b) two substituents linked to phosphorous through oxygen atoms, and (c) one linked through oxygen, and the other through nitrogen at the same time. Different substituents attached through these three types of linkages have different effects on the properties of PPZs. Side groups are very important in determining two major properties of PPZs: biodegradability and biocompatibility. They can alter the hydrophilic and hydrophobic nature of polymers, T g values, physiology and, ultimately, their degradation behavior, which is very important for their application in drug delivery. Degradation of PPZs is mostly due to the difference in the polarities of phosphorous and other linking atoms-mostly oxygen and nitrogen-as well as their hydrophobicity. This difference in polarities permits nucleophilic attack by water molecules to release the side group and start the degradation process, as shown in Scheme 3. However, some degradation with time may be due to the internal breakdown of side groups, as in the case of amino acid esters (Scheme 4). 44 Degradation behavior may also depend upon the size of side groups. Smaller side groups with less crowding around the main chain provide more instability to the PPZs as compared to larger side groups of the same kind because they allow the easy attack of water molecules on the bond between phosphorous and the other linking atom.
45,46
Molecules with greater crowding may cause greater steric hindrance and reduce the chances of attack. Similarly, the hydrophilic/hydrophobic nature of side groups also play a role in the degradation of PPZs. 46, 47 Glycine esters, which are more hydrophilic in nature and smaller in size, degrade rapidly than alanine or other amino acid esters. Degradation of some nitrogen-linked PPZs is summarized in Table 1 . The other important thing in the selection of side groups is biocompatibility, as they may produce toxic products upon degradation.
Toxic degradation products can mutilate healthy cells, resulting in ineffectiveness of the drug-delivery system.
Nitrogen-linked groups
A number of PPZs have been synthesized in which the same or different side groups have been attached through nitrogen on both sides of main chain, replacing the chlorine atoms.
10,49
Mostly, such groups contain amino or imino nitrogen, whose proton is consumable by a base to generate a strong nucleophile. Such nucleophiles attack easily on PDCP to replace chlorine. Some of the substituents may contain more than one functional group. In such cases, other functional groups must be protected before linking the required amino group.
3.1.1 Nitrogen-linked esters. In most of cases of nitrogen linkage, the amino group of amino acid esters is linked with phosphorous. Allcock has reviewed different amino acid, dipeptide and depsipeptide esters that are attached to PPZs through nitrogen. 44 Jessica et al. have synthesized citronellol esters with glycine, alanine, valine and phenylalanine, and all of these esters were linked with both sides of phosphorous in the polyphosphazene chain, see Table 1 (1-4). PDCP was synthesized by TROP of HCCP under vacuum at 250 C. All of these polymers are of high molecular weight, with the highest for the glycine ester-containing polymer and the lowest for the phenylalanine-containing polymer. These amino acids, on hydrolysis in deionized water, degraded in similar patterns; i.e. glycine degraded much faster than alanine, valine and phenylalanine citronellol esters. 50 The presence of a bulkier group adjacent to the point of attachment causes steric hindrance for the attack of water molecules on the main chain, which results in the slowest degradation, as indicated by phenylalanine citronellol esters. As citronellol is an anti-inammatory agent, 57 these polymers can be used for drug delivery. A similar study was done by the same author in which two amino acids, alanine and phenylalanine, were converted into different alkyl esters and linked to the main chain through nitrogen linkage on both sides following the TROP method, see Table 1 (5-12) . 51 Due to the presence of the bulky group, the increased steric hindrance and decreased mobility of the main chain resulted in higher T g values for polymers with the phenylalanine alkyl ester as compared to their alanine ester counterparts. Fig. 2 shows the polymer mass loss and molecular weight decline, respectively. According to GPC data of molecular weight decline showing hydrolytic sensitivity, it is clear that the polymers with higher molecular weights underwent the minimum decrease in mass and molecular weights for both types of polymers. Due to their good biodegradability, these polymers can be used for drugdelivery applications. As biomaterials for different biomedical applications share many common properties such as biodegradability and biocompatibility, so materials basically developed for one application can be modied for another.
46,52
Singh et al., using TROP, synthesized and studied the properties of poly[bis(ethylalanato)phosphazene] and its cosubstituted analogue: poly[(ethylalanato) 1 (ethylglycinato) 1 phosphazene] (13-14).
46
Hydrolytic degradation patterns showed that decreased crowding due to the presence of glycine ester in the latter polymer resulted in greater loss of molecular weight. Another factor may be the initial molecular weight, which is lower and allows more water uptake, resulting in faster degradation. Similarly, PPZs containing ethyl phenylalanato-coethyl glycinato (15) , alanine ethyl ester, and phenylalanine ethyl ester-co-imidazole side groups have been prepared using TROP for various medical uses. 10, 53 3.1.2 Nitrogen-linked ethers. Ethers contain oxygen atoms and are mostly hydrophilic in nature. Thus, they are used to increase the hydrophilic nature of the polymers. Polyethylene glycol terminated with amine group is used by many researchers to synthesize water-soluble PPZs. 54 Wilfert et al. prepared PPZs with a polyethylene glycol linked to the main chain through nitrogen by using LCP of chlorophosphoranimine (Fig. 3) . 55 Five different polymers with or without amino acid spacer showed altered degradation pattern. The slowest degradation was shown by the polymer without any spacer. The glycine spacer resulted in faster degradation compared to the valine spacer, which was due to the greater steric hindrance of the valine around the main chain. All these polymers also showed biocompatibility in cell viability test.
3.1.3 Nitrogen-linked aromatic compounds. Aromatic compounds are mostly hydrophobic in nature, and when such groups are attached to the PPZ main chain, the resulting polymers are mostly insoluble in water. Benzene ring and its derivatives, with greater crowding around the main chain, cause steric hindrance, which may increase their T g values and decrease hydrolytic sensitivity. 4-Methoxybenzylamine and 4-methoxyphenethylamine have been utilized to prepare novel organophosphazenes, i.e., poly[bis(4-methoxy benzylamino) polyphosphazene] (21) and poly[bis(4-methoxyphenethylamino) polyphosphazene] (22) by the replacement of the chlorines of PDCP synthesized by TROP of HCCP (Scheme 5).
56 These polymers with the aromatic ring showed increased T g values of 61 C and 66 C, respectively. These polymers were converted into microspheres, which were then loaded with indomethacin and 5-uorouracil. Comparing the drug loading and drug release 
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prole at two different pH mediums revealed that a greater percentage of loaded drug resulted in faster release of the drug.
Oxygen-linked substituents
The other major linkage of various side groups to the polyphosphazene main chain is through the oxygen atom. Such groups contain one or more hydroxyl groups through which they can be linked to the main chain by releasing protons. Similar to amine-containing groups, a proton-extracting base is used for the attachment of such groups. They can also be further divided into different groups. 27 have been synthesized by TROP of HCCP. Ethyl salicylate is hydrophobic in nature, while diethylamine is comparatively hydrophilic. The polymer with ethyl salicylate and diethylamine degraded faster than the polymer with both ethyl salicylate groups. Four different poly-(organophosphazenes) containing glycolic or lactic acid esters as side groups have also been investigated for their hydrolytic sensitivity (Scheme 6) (25-28).
57 Such polymers have much faster degradation rates due to the hydrophilic nature of side groups and increased hydrolytic sensitivity of the polyphosphazene main chain.
Scheme 11 Synthesis of citronellol-containing polymers. Scheme 12 Synthetic route to the cationic polyphosphazene bearing MPEG350 and a branched tetra(L-lysine) as side groups (60 60 This polymer was further utilized for intradermal immunization by microfabricated needles by the same author.
61 PPZ lm containing antigen was fabricated on titanium support to form microneedles, which, when administered to skin, dissolved and released the antigen. The PPZs (39) and (40) are synthesized by the reaction of an intermediate polymer and two hydroxyl groups containing 4-(3-hydroxypropyl)phenol (38) using cesium carbonate as catalyst, which selectively activates the hydroxyl group attached to the benzene ring as compared to the alkylic hydroxyl. 62 The important thing is the presence of functional alkylic hydroxyl groups used to attach 3-caprolactone, which further undergo ring-opening polymerization in the presence of Sn(Oct) 2 (41) (42) (43) (44) (Fig. 4) . Oxygen-linked ethoxy and uoroethoxy groups are highly sensitive to water, so bi-substituted products of PDCP synthesized by the TROP of HCCP, having phenoxy or p-methylphenoxy on one side and ethoxy group on the other side (Scheme 9) of the main chain, cannot effect its degradability, as shown in a hydrolysis study that continued up to 12 weeks. 45 Kwon also prepared PPZs for use as carrier of bioactive agents by TROP, with oxygen-linked methoxy on one side and 4-acetamidophenol on the other side. The acetamide group was then further modied to produce new derivatives (Scheme 10). PPZs show great diversity and exibility in their synthetic combinations, as many different kinds of aromatic and nonaromatic groups can be linked through both oxygen and nitrogen to the phosphorous at the same time. 27, 64 Citronellol, which has anti-inammatory and anti-microbial properties, and alanine ethyl ester, which has an amino group, are linked to PDCP (produced by TROP) in different proportions to produce elastomeric PPZs (Scheme 11). Alanine ethyl ester provides hydrolytic sensitivity to the polymers, ranging from 8 to 16% of mass loss and 28 to 88% decrease in molecular weight, as checked for 12 weeks. Citronellol can also be cross-linked by the use of UV radiation for different time periods. When crosslinking of citronellol is increased, its modulus is increased, while tensile strength is decreased.
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Biocompatibility of mixed aromatic and amino acid esters containing PPZs in rat was determined by Sethuraman and coworkers (Fig. 5) . 66 PPZs with ethylalanato-co-methylphenoxy (62) and ethylalanato-co-phenylphenoxy (63) in 1 : 1 ratio have been synthesized and implanted subcutaneously for 2, 4 and 12 weeks, showing no harmful effects (Fig. 6) . PPZ containing methoxy polyethylene glycol as the hydrophilic part and branched tetra L-lysine, LysLys(LysEt) 2 , as cationic moiety were synthesized and shown to interact with DNA (Scheme 12).
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These cationic polymers showed zero toxicity and can be utilized for biomedical applications.
Laurencin et al. prepared two different hydrolytically sensitive PPZs that can support the growth of osteoblast cells. These polymers have imidazolyl-co-methylphenoxy and ethylglycinatoco-methylphenoxy side group pairs linked through oxygen and nitrogen atoms (Scheme 13). 7 
Different approaches for drug delivery
Polyphosphazenes provide a vast eld for variation in properties and structural exibility, so they can be tuned in many ways to be used for drug delivery. They can be modied into copolymers, drug-polymer conjugates, micelles, microspheres, bers and polymeric blends, which can entrap drugs by different methods and deliver them to the required destination. Here is a brief discussion of these techniques.
Polyphosphazene-drug conjugate
Drug-polymer conjugate is an emerging area of drug delivery in which the drug is chemically linked to the polymer backbone.
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In order to combat the hurdles related to the delivery of drugs, such as low solubility, protection against degradation by various factors, low bioavailability and high dose toxicity, drugs are also attached with the polymer chain. 69 A number of such drugpolymer moieties have been synthesized 70 since its detailed study by Ringsdorf.
71 Platinum-based anti-cancer drugs have been attached to different polymers, including polyphosphazene, through direct attachments or through different linkers.
72 Some antibiotics, such as ciprooxacin and noroxacin, are directly attached to the polyphosphazene chain in combination with amino acid esters (Scheme 14). The selected polymers are transformed into lms and micro/nanobers, which are hydrolytically sensitive and release the drugs on breakage. But in this case, maximum loading of the drug on the polymer chain is no more than 25 mole percent. According to this study, nano/microbers are more sensitive to degradation as compared to lms. 73 The release prole of ciprooxacin has also been studied by linking it to polyurethanes, which are enzymatically degradable.
74
Hypericin, a naturally occurring biologically active drug with anti-bacterial, anti-viral and anti-tumor activities as well as being a photosensitizer agent, is decient of good water solubility. Its hydrophilic character was increased by attaching it directly to PDCP along with amine-containing alkylene oxide oligomers. 75 In another attempt to deliver the anti-oxidant agent ferulic acid, it was attached in combination with the amino acid polyphosphazene chain, replacing the chlorines. Ferulic acid was rst protected with an allyl ester, treated with sodium hydride and then added to the PDCP solution followed by deprotection. Different combinations of protected ferulic acid (78) (79) (80) (81) (82) and unprotected ferulic acid (83-87) along with amino acid esters were prepared, as shown in Scheme 15. The degradation studies showed their hydrolytic sensitivity resulting in 5-25% decomposition of polymers in an 8 week period. Ferulic acid also showed cycloaddition process under UV radiation, and the crosslinked product was more stable to hydrolytic degradation, resulting in 0-5% degradation in 8 weeks.
76
Two anti-malarial drugs, primaquine and dihydroartemisinin, were conjugated at the same time to the polyphosphazene chain in four different combinations of additional substituents (Scheme 16). These conjugates were also formulated into nanoparticles for increased uptake by hepatocytes. The drug release prole showed an initial burst release followed by the sustained release of the drug. These combination drug conjugates also exhibited increased activity and resistance to malaria up to 35 days during in vivo testing of mice. 77 Allcock and Krause attached adamantane to the main polyphosphazene chain in three different ways. Adamantyloxy, adamantyl amino, and adamantylmethoxy side groups are used in combination with trioroethoxy group on the polymer chain as shown in Scheme 17.
78
Drug-polymer conjugates have also been used to enhance the water solubility of the anti-cancer drug epirubicin, which was attached to the polymer chain of phosphazene along with folic acid through a pH-sensitive hydrazide linker. As the hydrophilic part, an amine-containing polyetheramine copolymer was also attached to the polymer. PDCP was synthesized by ring-opening polymerization from chlorophosphoranimines followed by the addition of linker and copolymer. Drug and folic acid were then attached to the linker chain as shown in Scheme 18.
79 Similarly, two different anti-cancer drug-polyphospazene conjugates have been synthesized for colon-specic drug delivery, as these conjugates are stable in acidic environment. Methotrexate and gemcitabine, in the form of azo prodrug, were attached to phosphorous in four different combinations (Scheme 19). These conjugates were found to be active against colorectal cancer cell lines. 80 Recently, Henke et al. introduced polyphosphazene-based anti-cancer prodrug conjugates in which cisplatin and oxliplatin were rst converted into prodrugs and then attached to the PPZ chain through a linker. These conjugates released the original drug aer intracellular reduction. 81 
Polyphosphazene hydrogels
Hydrogels are the cross-linking network that increase their volume by absorbing a high percentage of water and are being used as carriers in drug delivery. 82 Chemically, hydrogels can be hydrogel by host-guest inclusion of biodegradable mixedsubstituted PPZs with the naturally occurring organic molecule a-cyclodextrin. Photo-crosslinking was then employed to transform the hydrogel into the solid state with the desired shape. 92 Similarly, biodegradable poly(organophosphazenes) with different oligo(ethylene glycol) methyl ethers (mPEGs) along with glycine ethyl ester as side chains were synthesized and characterized (Scheme 20). These graed PPZs and acyclodextrin were then converted into a supramolecularstructured hydrogel by inclusion complex in aqueous medium. The molecular weight loss of polymers was monitored by GPC to check the biodegradability of hydrogel systems, which revealed that PPZs containing longer chains of mPEG showed better stability and sustained release.
93
Docetaxel (DTX) is an effective anti-tumor agent with many advantages, but it still faces the problem of low aqueous solubility. Cho et al. reported the synthesis of injectable and biodegradable poly(organophosphazene) hydrogels that can sustain DTX in aqueous medium. The prepared hydrogels with DTX showed enhanced anti-tumor activity in mice. 94 The same author also reported an injectable hydrogel system for carrying silibinin, an anti-cancer drug, offering about 2000 times greater solubility. 95 Another study proved the efficiency of hydrogels as a competent carrier of anti-tumor drug, in which the polymerdrug conjugate of poly(organophosphazene) and doxorubicin (DOX) was synthesized. L-Isoleucine ethyl ester (IleOEt) was attached as hydrophobic group and amino-terminated poly-(ethylene glycol) methyl ether (AMPEG 550) as hydrophilic side group (Scheme 21). In vivo studies showed that DOX-containing hydrogels were more effective at inhibiting tumor growth with the least toxicity and could be good carriers of therapeutic agent. 54 The same author synthesized another paclitaxel-polyphosphazene conjugate-based gel system in which paclitaxel was attached to the main chain through a linker. Hydrolytic degradation, drug release behavior and anti-tumor activity in mice proved it to be more effective than paclitaxel without hydrogel. 96 
Polyphosphazene microspheres
Drug delivery is an advanced approach for the delivery of therapeutic agents at target sites in order to enhance therapeutic efficiency and minimize side effects. Polymeric microspheres are helpful in maintaining the concentration of drugs in a regular manner for a long time, and they can be modied to be injected and target organs, 97 especially in cancer treatment. Trimethoprim, an antibiotic drug, was directly treated with HCCP as a linker to directly give rise to the microspheres. The amount of cross-linker was reduced by keeping the HCCP constant to achieve microspheres of various sizes. These microspheres are hydrolytically degradable, with enhanced degradation in acidic medium, and can be used for the sustained release of drugs, e.g., rhodamine 6G and vitamin B 12 (Fig. 7) . 98 In another attempt, HCCP was treated with highly branched polyethylenimine (bPEI) in the presence of ultrasonic irradiation using acetonitrile as solvent (Scheme 22). By precipitation polymerization, cyclomatrix cross-linked polyphosphazene was converted into microspheres with high thermal stability. Interesting in these microspheres was the presence of active amine groups that can be utilized for various applications. 99 Although the authors have not revealed its drug release applications, it could probably be important in drug delivery due to the presence of amino groups, which can attach to drugs by H-bonding. Microspheres with controlled porosity and average pore diameter and with better mechanical properties have also been fabricated by using the solvent/nonsolvent method. Five different PPZs and PLAGA are used for microsphere formation (Fig. 8) Similarly, poly[di-(carboxylatophenoxy)phosphazene] and sulphonated polyphosphazene, which upon the addition of spermine resulted in the formation of microspheres, were used for the encapsulation and release of proteins.
104 Sustained release of hydrophobic indomethacin and hydrophilic 5-uo-rouracil by synthesized PPZs microspheres have also been studied. 56 Microspheres have been prepared by the crosslinking of polyphosphazene hydrogel, in which calcium ions serve as connector. These microspheres are suitable for use in the delivery of proteins, especially vaccines. Poly[di(carboxylatophenoxy)phosphazene], in the presence of NaCl, produced coacervate microdroplets, which cross-linked by the addition of calcium ions to produce microspheres. The technique is considered to enhance the microencapsulation of proteins with high reproducibility and narrow size distribution. 105 Polyphosphazene containing phenylalanine ethyl ester along with imidazole as side groups was converted into microspheres by three different methods. Different methods had different effects on size distribution of the microspheres. These microspheres were used for the loading and release of naproxen as model drug. 
Copolymeric micelles of polyphosphazene
PPZs have huge capacity to accommodate a number of organic/ inorganic groups as well as other polymers to form different kinds of gra and block copolymers, 107, 108 which are gaining much attention. The self-assembly of amphiphilic copolymers resulted in a variety of structures, including vesicles, spherical micelles, rod-like micelles, and lamellae. 109, 110 Copolymeric selfassemblies offer the advantages of increased stability and toughness, 111 as well as various possibilities to modify physicochemical and biological properties by changing the block length, chemical structure and interactions with biomolecules. These properties make the copolymer highly interesting for numerous applications such as transfection vectors, 112 protective shells for sensitive enzymes 113 and drug-delivery systems. (Fig. 9) . 115 These can be used for different biomedical applications, including drug delivery.
The same author prepared amphiphilic gra copolymer based on PPZs. In this study, tryptophan ethyl ester (EtTrp) and poly(N-isopropylacrylamide) (PNIPAm) were used as side groups of the main chain (Scheme 23).
116 Morphology of the selfassembled particles at different conditions were presented in this study.
Using high catalyst concentration (10 weight%) in the thermal ring-opening polymerization of HCCP, low molecular weight poly(4-methylphenoxyphosphazene)-gra-poly(2-methyl-2-oxazoline) was obtained. Bromination of side group 4-methylphenoxy was done, which was further used for the polymerization of 2-methyl-2-oxazolineto to produce gra copolymer. Micelles produced by self-assembly in water entrapped the hydrophobic and uorescent pyrene as a model drug. 117 In another study, to increase the efficiency of proton exchange, membranes for block polystyrene-graed PPZs were developed that contained alkylsulfonic acids as substituents.
118,119
Copolymeric micelles consist of a hydrophobic core surrounded by a hydrophilic shell, which are usually prepared by dialysis technique. Hydrophobic drugs can be easily captured by the core during the self-assembly of micelles in dialysis bags where solvent is exchanged by water in most cases. 120, 121 Polymeric micelles proved to be excellent vehicles for the delivery of hydrophobic drugs, especially in the case of anti-cancer drugs.
122-124
There are also pH-responsive and redox-responsive micelles based on different kinds of polymers. [125] [126] [127] Amphiphilic gra polymer based on PPZ containing hydrophobic and hydrophilic side groups can be used for the preparation of micelles and loading of drugs. Doxorubicin was loaded by dialysis method in the micelles produced (Fig. 10 ) by gra polymers consisting of different ratios of poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide) (PNIPAmDMAA) and ethyl glycinate around the main chain of polyphosphazene. 128 Synthesized micelles were temperature sensitive and released encapsulated material as the temperature changed. Thermal-responsive behavior of micelles based on PNIPAmDMAAethyl glycinate PPZ was explored by turbidity method. Lower critical solution temperature (LCST) was different in water and PBS solution.
Diunisal, an anti-inammatory drug, was also loaded in temperature-sensitive PPZ-based micelles. At lower temperature, micelles showed burst release, while at body temperature, they showed sustained and controlled release.
129, 130 Zheng et al. also loaded doxorubicin in newly synthesized gra polyphosphazene micelles containing methoxy-poly(ethylene glycol) and glycine ester components with different morphologies. Cytotoxic assay showed the efficiency of these micelles in human breast cancer cells. 131 In another study, similar amphiphilic gra copolymers based on PPZ were synthesized consisting of MPEG and tryptophan ethyl ester in different ratios. Micellization behavior showed that the critical micelle concentration of copolymers decreased with increased hydrophobic content. DOX was again loaded as an anti-cancer drug against HeLa cells and showed comparable cytotoxicity as compared to free DOX. 132 Rheumatoid arthritis is a disease related to swelling, stiffness and joint pain, 133, 134 which is treated by various ways including intra-articular and oral dosage forms.
135 Indomethacin-loaded micelles were introduced in a rat for the treatment of arthritis.
136 These micelles loaded with indomethacin were prepared by amphiphilic polyphosphazene copolymers with poly(N-isopropylacrylamide) and ethyl 4-aminobenzoate as hydrophilic and hydrophobic side groups (Scheme 24). In vivo drug release studies showed that the prepared micelles can prolong drug concentration in blood plasma. 137 Another attempt in this series was done by replacing ethyl tryptophan in place of ethyl-4-amino benzoate to the polyphosphazene chain while keeping the poly(N-isopropylacrylamide) as the other substituent.
138 Polyphosphazene with an anti-cancer drug, oxaliplatin, combined with 2-hydroxyethoxy-diethylmalate and PEG on other side of the backbone, was synthesized, which, on self-assembly, converted into micelles with a mean diameter of 130 nm. 139 These micelles are found to have increased bioavailability and selectivity to the target as compared to oxaliplatin alone.
Polyphosphazene blends with other polymers
Polymers can be mixed physically in different proportions to prepare blends. To prepare the blends, polymers are dissolved in suitable solvents and mixed together, followed by evaporation of the solvents. This results in some physical interactions such as hydrogen bonding and van der Waals forces. In most cases, properties of blends change as compared to individual polymers. Blends can also be further modied into microspheres, bers and hydrogels.
Three novel PPZs were synthesized and converted into 25%, 50% and 75% (w/w) blends (blends A, B and C) with poly(methyl methacrylate) by physical mixing in chloroform, as shown in 140 Copyright 2015, Elsevier B.V. Fig. 11 . The 75% blends of these three PPZs were further fabricated into microspheres, and sustained release of hydrophobic drugs was evaluated. Microsphere of blend A and C showed good results of sustained release up to 7.7% and 20%, while blend C showed more than 90% release within forty hours (Fig. 12) . It was also found that degradation and drug release are related to percentage water retention.
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Due to their biocompatibility and degradation, polyphosphazene-polyester blend systems are gaining much interest in drug delivery and tissue engineering applications. PPZs with glycylglycine ethyl ester-co-phenylphenoxy groups in 50 : 50 ratio were synthesized as previously reported. 5 The glycylglycine ethyl ester was attached to enhance the hydrophilic nature of polyphosphazene containing the phenylphenoxy side group (Scheme 25). Blends of these polymers with poly(lactic acid-co-glycolic acid) (PLAGA) in 25 : 75 and 50 : 50 ratios yielded matrix 1 and matrix 2, respectively. The degradation order for these blend systems, in PBS at body temperature for 12 weeks, is matrix 2 < matrix 1 < PLAGA (Fig. 13) . Both blends were also tested in rat to check their non-toxic nature so these blends can be used for biomedical applications.
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The same author studied the unique mechanism of degradation for the polymer (112) blend with PLAGA (50 : 50). Hydrophilic glycylglycine dipeptide encouraged the hydrogen bonding with PLAGA. During degradation, this blend produced 3D spaces which were lled with polyphosphazene spheres formed by self-assembly, showing a porous morphology.
142 This polymer has also been used to fabricate bers by electrospinning. Length and diameters of these bers can be controlled by changing the concentration and ratio of polymers and blends. They also created biomimetic 3D scaffolds with an open central cavity.
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PPZs with the side groups of tris(hydroxymethyl)amino methane (THAM) and ethyl esters of glycine and alanine have been synthesized (Scheme 26), and then, blends of these polymers with poly(lactic acid-co-glycolic acid) (PLAGA) in (50 : 50) and (85 : 15) ratios were prepared to check their degradation patterns. THAM can increase the hydrogen bonding between the blended polymers. Hydrolytic studies of polyphosphazene: PLAGA (50 : 50) blends showed that PLAGA contents degraded more rapidly than synthesized PPZ and are safer to use in living organisms, as indicated by cell osteoblast studies. 144 Synthetic routes also play a role in forming different natures of polymers and their blending behavior. Choline chloride, a biological buffer, has been attached as a side group in PPZs along with four different amino acids using two different methods.
Using the sodium hydride route of synthesis, low-cholinecontent PPZs have been prepared as compared to the cesium carbonate route, which produces high-choline-content PPZs (Scheme 27). The synthesized polymers were then mixed with PLAGA in ratios of (50 : 50) and (85 : 15) to produce blends that show differences in miscibility. The polymer synthesized through sodium hydride route was more miscible as compared to the polymer synthesized through cesium carbonate route.
Aer degradation, the blends produce near-neutral medium and showed non-toxic nature. 145 An interesting work has been done to eradicate the basic problems faced with injectable drug delivery systems. A biocompatible, thermosensitive and water-soluble polyphosphazene blending system has been designed, in which two different PPZs with active thiolated and acrylated functional groups have been synthesized and blended (Fig. 14) . At low temperature, it is in solution form, while at body temperature, it is converted into hydrogel form by developing both physical interactions such as hydrogen bonding and chemical interactions such as cross-linking between thiolated and acrylated groups. 146 Blending of poly[(ethylglycinato)(methoxyethoxyethoxy)phosphazene] with PLAGA in the ratios of 25 : 75 and 50 : 50 was investigated to produce biodegradable materials of high strength that were also biocompatible, as shown by rat osteoblast cell experiment.
147 Blend formation was affected by the nature of polymers, ratio of mixing and solvents used, and it was checked by the use of SEM and T g values. Sometimes, the blends are completely miscible, having no phase separation, while sometimes, they are partially miscible or completely immiscible depending upon these factors. Miscibility of blends was demonstrated by producing PPZs with ethyl glycinate and ethyl glycylglycinate in ve different ratios. They were again blended with PLAGA to produce biomaterials of diverse properties. Poly[(ethyl glycinato) 0.5 (glycine ethyl glycinato) 1.5 phosphazene] formed miscible blends with PLAGA and showed greater degradation time as compared to the individual polymers. Glass transition temperature of the blend was lower than that of parent polymers, which shows the presence of interactions between them. 150 
Polyphosphazenes towards clinical development
In order to approve PPZs as functional biological material, various areas of drug delivery have been concentrated and different experiments have been performed. These include in vivo experiments for the successful delivery of anti-cancer drugs. Chun et al. have developed PPZ-based conjugates of doxorubicin and paclitaxel drug and checked their anti-cancer ability against SNU-601 human gastric cancer cells and HSC-45M2 human gastric cancer cells, respectively, which were implanted in nude mice. 54, 96 These anti-cancer drug delivery systems inhibited the tumor growth effectively for 30 days as compared to free drugs, suggesting these conjugates as potential candidates for clinical trials. Similarly, Cho et al. have also developed an injectable delivery system for 2-methoxyestradiol for breast cancer therapy based on thermosensitive PPZs.
151 By monitoring tumor volume and CD31 immuno-histochemical staining in mouse orthotopic breast tumor (MDAMB-231) model, it was found that the hydrogel containing a relatively low concentration (15 mg kg À1 ) of 2-ME showed improved antitumor and antiangiogenic activity. In other attempts, the same authors have also developed injectable poly-(organophosphazene)s for the delivery of silibinin (SIL) and camptothecin (CPT) and performed in vitro and in vivo antitumor activity studies. For in vitro studies, the drug-polymer conjugate hydrogel of CPT showed good anti-tumor activity against four different human cancer cell lines and is also more effective for in vivo studies for up to 15 days against HT-29 colon cancer cell-xerograed mice as compared to CPT alone.
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Similarly, SIL in solution form was injected into alreadyimplanted HT-29 colon cancer cell line and showed very effective tumor inhibition.
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The more focused area of PPZs towards clinical development is the delivery of vaccines and immunoadjuvants. Pike corporation, based in Korea, has been developing an injectable drugdelivery system based on PPZ block copolymers with thermoreversible properties.
152 PPZs have been used as carriers for adjuvants and vaccine antigens and also add their mild adjuvant activity. However, when combined with immune stimulators such as CpG, ODN or PolyIC, these molecules can form complexes that become highly immunogenic. 153, 154 One of the most considered PPZ polyelectrolytes, poly[di(carboxylatophenoxy)phosphazene] (PCPP), has been used in phase I clinical study, which was carried out with the inuenza vaccine on both young and elderly adults (a total of 96 subjects).
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Three different doses, comprising 100, 200 and 500 mg of PCPP, were injected and followed for 12 months. The strongest response was observed for the 500 mg dose against all three strains of inuenza virus, especially in young subjects. PCPP was also inspected in clinical trials through oligomeric HIV-1 Gp160mn/LAI-2 vaccine in HIV-seronegative volunteers from the United States, showing the long-term safety prole of the adjuvant. 156, 157 Another publication also cites the use of PCPP for boost immunization in HIV vaccine clinical trials.
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Most recently, a phase 1 clinical trial was conducted in which 19 volunteers received oligomeric glycoprotein 160 from HIV strains MN and LAI-2 (ogp160 MN/LAI-2) with variations in dose (25, 50, 100 mg) and either polyphosphazene or alum adjuvant (part A). In part B, 72 volunteers received either placebo (n ¼ 12) or recombinant canarypox virus expressing HIV antigens (ALVAC-HIV [vCP205]) with different doses and schedules of ogp160 MN/ LAI-2 in PPZ or alum (n ¼ 60). In both parts, volunteers receiving the PPZ adjuvant produced good response in the neutralization of tier 2 viruses. 159 In another study, Mishal et al. evaluated the adjuvant activity of poly[di(sodium carboxylatoethylphenoxy)] phosphazene (PCEP) and avian beta defensin (ABD) in a vaccine formulation containing inactivated fowl adenovirus (FAdV) serotype 8b administered in ovo. The results presented that a mixture of PCEP and inactivated virus can induce a strong and long-term antibody response. 160 Also, substantial improvement in the expression of genes such as IFN-g, IFN-a, IL-12(p40) and IL-6 by PCEP reveals its ability to produce immune response, which is benecial for the development of in ovo vaccines.
Conclusion and future prospects
PPZ is an emerging class of polymers whose exibility in properties, biocompatibility and biodegradability are very prominent. Their hydrophilic/hydrophobic nature and degradation behavior can be tuned by changing the side groups. Amongst the most commonly used side groups, ethers provide hydrophilic nature and result in water-soluble PPZs. Amino acid esters have a range of effects-from hydrophilic to hydrophobic-depending on the nature of the amino acid used, while the aromatic side groups are mostly hydrophobic in nature and result in higher T g values of the PPZs. Mostly, PPZs are prepared by a combination of hydrophobic and hydrophilic side groups, resulting in polymers with balanced properties. Although the synthesis process is a bit difficult and demands care, the incorporation of PPZs in drugdelivery applications is mounting continuously, and many different drug carriers are being developed for the safe and longterm delivery of therapeutic drugs.
Although researchers have tried to attach substituents of all types, there is still a lot to be explored as the exibility in the PPZ backbone offers great opportunities. To date, the main focus has been on the substituents that contain an amino or hydroxyl group for attachment to the PPZ main chain. However, the effects of those substituents containing other attachment sites, like -SH, -BH 2 , carbonyl carbon etc., still need to be explored, especially in the eld of drug delivery. Furthermore, it is possible to attach such linking atoms other than N and O, and how they will affect the properties of PPZs is still a question. The blending of PPZ with other polymers and different formulations into micro/nano bers, microspheres, micelles, polymersomes and a lot more is still inviting researchers to explore new dimensions. The clinical development of PPZ is not so established, which is very important for the practical implementation of PPZ as a biomaterial.
